Introduction
Dendritic cells (DCs) regulate both adaptive and innate immune responses. 1 Much of their effects are implemented at the interface of DCs and T lymphocytes, following the integration of multiple activating or inhibitory signals from pattern recognition receptors, cytokine receptors, and coreceptor molecules involved in DC-Tcell communication. Depending on the pathogenic structures, tissue factors, and coreceptor-induced activation signals, DCs can orchestrate the effector response to be appropriate for intracellular or extracellular pathogens, or to suppress self-reactive clones. [2] [3] [4] Activation of immature DCs (IDCs) by proinflammatory cytokines, Toll-like receptors (TLRs), or interaction with CD40L expressed on activated T cells induces the maturation of DCs. 5 Activated DCs express costimulatory receptors essential for efficient T-cell priming. 5, 6 Activation of IDCs by CD40L or lipopolysaccharide (LPS) induces interleukin-12 (IL-12) secretion, which elevates local tissue inflammation and plays a central role in T-helper 1 (Th1) differentiation. [7] [8] [9] However, various soluble factors and coreceptor molecules may modulate the ability of DCs to polarize T-cell response. 10, 11 Signaling lymphocyte activation molecule (SLAM, CD150) 12,13 is a self-ligand receptor present on the surface of activated T and B lymhocytes, macrophages, and dendritic cells. [14] [15] [16] The importance of SLAM signaling in innate and adaptive responses is underscored by the severe immune defect observed in X-linked lymphoproliferative disease in humans [17] [18] [19] or in several murine models. In SLAM-associated adaptor protein (SAP)-deficient mice the lack of the SLAM/SAP pathway results in defective Th2 polarization, 20, 21 primary B-cell responses, 22, 23 and the absence of long-lived plasma cells. 24 SLAM-deficient mice have a mild defect in Th2 differentiation and show a profound deficiency in LPS-induced macrophage functions, suggesting that SLAM influences TLR4-mediated signaling in murine macrophages. 15 Moreover, SLAM was found to be one of the 2 receptors of measles virus on the surfaces of lymphocytes, macrophages, and dendritic cells. 25, 26 Modulation of SLAM signaling in DCs might in part mediate the strong immunosuppressive effect characteristic of measles. [27] [28] [29] [30] The stimuli that induce maturation of immature DCs (eg, TLR agonists, various proinflammatory cytokines, or ligation of CD40) induce cell-surface expression of SLAM. [31] [32] [33] Triggering of SLAM with a specific antibody augmented IL-12 and IL-8 production, but not IL-10 secretion in CD40L-activated human monocyte-derived DCs, suggesting a proinflammatory effect of SLAM engagement. 33 Despite this pioneering study, the function of SLAM in DCs is still elusive. Moreover, several observations indicate that ligation of SLAM with specific antibodies may not mimic, but rather interfere with homotypic SLAM/SLAM interactions. SLAM-specific antibodies induce interferon-␥ (IFN-␥) production in Th1 clones, and also in polarized Th2-cell populations isolated from patients with rheumatoid arthritis. These observations suggested that anti-SLAM promotes differentiation of Th1 cells. 12, 34 In contrast, SLAM homoassociation in the B141 T-cell line expressing SLAM and SAP inhibited IFN-␥ production. 35 In SLAM-deficient murine T cells IFN-␥ production was elevated rather than decreased, indicating that the SLAM/SAP signaling pathway inhibits IFN-␥ production. In line with this, Slam null mice show skewed polarization of T lymphocytes toward Th1. 15 To avoid the use of monoclonal antibodies (mAbs), the contribution of SLAM signals to DC effector functions was studied by coculturing activated DCs with cells constitutively expressing human SLAM. To examine the effect of SLAM signals on CD40L-induced DC function, DCs were cocultured with L929 cells (L cells) expressing human CD40L together with SLAM or with activated Jurkat T cells expressing SLAM constitutively. CD40L-induced IL-12, tumor necrosis factor ␣ (TNF-␣), and IL-6 production of DCs was inhibited by SLAM engagement. Consequently, DCs that had matured in the presence of SLAM/SLAM interactions were less potent in inducing differentiation of naive T lymphocytes into IFN-␥-producing Th1 effector cells. The effect of SLAM engagement on pathogen-induced activation via TLR signals was measured in the presence of LPS in the cultures. LPS-mediated IL-12 expression was not inhibited in the presence of SLAM/SLAM homoassociation. These findings suggest that SLAM engagement in DCs may induce a negative feedback loop on CD40L-induced inflammatory signals, while such a mechanism does not operate to down-regulate inflammatory responses induced by bacteria. Thus, signaling induced via SLAM/SLAM interactions regulates DC functions in a complex manner that is distinct from the previously described effect of anti-SLAM antibodies. 32, 33 
Materials and methods

Dendritic-cell generation and activation
Monocytes were isolated from buffy coats by Ficoll gradient centrifugation (Amersham Biosciences, Uppsala, Sweden) and immunomagnetic cell separation using anti-CD14-conjugated microbeads (Miltenyi Biotech, Bergisch Gladbach, Germany). After magnetic separation, 96% to 99% of the cells were CD14 ϩ monocytes as measured by flow cytometry (data not shown). Monocytes were cultured in 6-well tissue-culture plates at a density of 1.5 ϫ 10 6 cells/mL in RPMI 1640 supplemented with 10% fetal bovine serum (FBS; Invitrogen, Paisley, Scotland), 75 ng/mL granulocytemacrophage colony-stimulating factor (GM-CSF; Leucomax), and 100 ng/mL IL-4 (Peprotech, London, United Kingdom). Cells were cultured for 5 or 6 days, and new IL-4 and GM-CSF was added at day 2. For DC activation, immature DCs were activated with a mixture of cytokines: 10 ng/mL TNF-␣, 5 ng/mL IL-1␤, 20 ng/mL IL-6 (Peprotech), and 1 g/mL PGE2 (Sigma, St Louis, MO); 36 100 ng/mL LPS (Sigma) and 10 ng/mL IFN-␥ (Peprotech); 10 g/mL poly(I:C) (Sigma); or via CD40, with soluble CD40L (Peprotech), or with the addition of CD40L-expressing L cells (CD40L-L) using a 4:1 DC/CD40L-L cell ratio. In some experiments DCs were activated in the presence of Jurkat (E6-1) or SLAM-expressing Jurkat cells using 2:1 DC/Jurkat ratio. Jurkat cells were activated by anti-CD3 (5 g/mL) in these cultures. Activation signals were present for 24 hours unless indicated otherwise. CD40L expression on Jurkat and Jurkat/SLAM cells upon activation with anti-CD3 antibody was verified by flow cytometry (data not shown).
Generation of cell lines expressing SLAM
L929 mouse fibroblast cells (3 ϫ 10 6 ) expressing the human CD40L or the parental cells (gifts of G. Trinchieri, Schering-Plough, Dardilly, France) were transfected with a pCI-SLAM construct expressing full-length human SLAM using Fugene6 (Roche Diagnostics, Indianapolis, IN). After 2 passages, on day 10, transfectants were incubated with PE-labeled SLAMspecific antibody (A12) and SLAM-expressing cells (3%-5%) were enriched by cell sorting. Individual SLAM-expressing clones were isolated from the polyclonal population by the standard limiting dilution method and analyzed further. CD40L expression on the L cells was not influenced by the presence of SLAM (data not shown).
FACS analysis and cell sorting
For the characterization of the DC phenotype, cells were stained with PE-conjugated anti-SLAM (BD Pharmingen, San Diego, CA) and anti-CD86 (Immunotech, Marseille, France) mAbs as well as FITC-labeled anti-CD83 (Immunotech) and anti-HLA-DQ (BD Pharmingen) mAbs. When analyzing DCs cocultured with L cells, DCs were distinguished using PE-labeled CD40 (BD Pharmingen) or FITC-labeled HLA-DQ-specific mAbs. Fluorescence intensities were measured with FACStar flow cytometer (Becton Dickinson, San Jose, CA) and data were analyzed using WinMDI software (Joseph Trotter, La Jolla, CA). A FACSvantage DIVA cell sorter (Becton Dickinsson) was used to separate DCs from L cells using anti-SLAM-PE or anti-CD11c-PE mAbs (BD Pharmingen).
Transient transfection of monocyte-derived DCs
Immature DCs (5 ϫ 10 6 ) were harvested, washed once with media, and electroporated with 4.5 g human pCI-SLAM construct (or with pCI as a control) using AMAXA's Nucleofection technology (AMAXA, Cologne, Germany). The pCI-SLAM construct contained the coding sequence of human SLAM cloned into the EcoRI and XbaI site of pCI. Following transfection, cells were cultured in AIM-V media (Invitrogen) supplemented with GM-CSF (75 ng/mL). Five hours after transfection cells were stained with PE-labeled anti-SLAM monoclonal antibodies (BD Pharmingen) and DCs expressing SLAM were sorted. SLAM ϩ and SLAM Ϫ cells were collected and used in parallel for functional assays. Transfection efficiencies were between 5% and 35%. The purity of sorted SLAM Ϫ and SLAM ϩ DCs were more than 99.5% in each experiment (not shown).
T-cell activation by autologous or allogeneic DCs
Allogeneic or autologous naive T cells were enriched using the naive CD4 ϩ T-cell isolation kit (Miltenyi Biotech). T-cell preparations contained 96% to 98% CD3 ϩ cells, of which 90% to 95% were CD45RA high as measured with flow cytometry (data not shown). Autologous peripheral-blood mononuclear cells (PBMCs) were frozen during DC differentation. DCs pretreated with CD40L-L cells or L cells for 12 hours were purified by cell sorting. Next, the cells were cultured with the naive T cells on 96-well cell-culture plates for 4 days at cell densities of 2 ϫ 10 4 DCs/well and 1.5 ϫ 10 5 T cells/well. T cells were then reactivated for 24 hours on plates coated with 5 g/mL anti-CD3 mAb (BD Pharmingen). The concentration of various cytokines from the supernatants was determined by enzymelinked immunosorbent assay (ELISA). Human recombinant IL-12p70 was obtained from Peprotech.
Cytokine production
Production of various cytokines in the supernatant of DCs activated with CD40L-L cells or SLAM/CD40L-L cells was analyzed using a protein array (Raybiotech, Norcross, GA) Briefly, 2 ϫ 10 6 immature monocyte-derived DCs (MoDCs) were plated on monolayers of L cells expressing CD40L or CD40L and SLAM in AIM-V media (Invitrogen) and incubated for 24 hours on 6-well tissue-culture plates. Supernatants were then analyzed with the RayBiotech cytokine array III as described by the manufacturer. Enhanced chemiluminescence (ECL) signals were developed on Biomax films (Sigma). ECL signals were also detected by a Kodak 2000MM Image Station and quantitated using Kodak 1D Image Analysis software (Kodak, New Haven, CT). Intensities of the spots corresponding to each cytokine were normalized to the mean in intensity of the 6 internal control spots. The effect of SLAM was calculated as the ratio of normalized spot intensities obtained with culture supernatants of SLAM/CD40L-L cell versus CD40L-L cell-activated DCs. Concentrations of individual cytokines in the supernatants of activated DCs or T cells were determined by ELISA. ELISA kits specific for IL-12p70, TNF-␣, IL-6, IL-13, and IFN-␥ were purchased from BD Pharmingen. Assays were performed according to the manufacturer's instructions. Culture supernatants were stored at Ϫ70°C.
Real-time RT-PCR
Real-time polymerase chain reaction (PCR) was done as described previously. 37 Briefly, total RNA was isolated with TRIZOL reagent (Invitrogen) and RNA was treated with RNase-free DNase (Ambion, Austin, TX). RNA was further purified on RNeasy columns (Qiagen, Germantown, MD). Reverse transcription was performed from 200 ng total RNA using Superscript II reverse transcriptase (RT) and random hexamer primers (both from Invitrogen) using a standard RT reaction. Amplication reactions were performed in an ABI PRISM 7900 sequence detector (Applied Biosystems, Warrington, United Kingdom) using 40 cycles of 95°C for 12 seconds and 60°C for 30 seconds. All PCR reactions were done in triplicates with 1 control reaction containing no RT enzyme. The comparative Ct method was used to quantify IL-12p40 relative to the endogenous control gene 36B4. 36B4 Ct values did not vary between cell types or treatments.
The following PCR primers and probes were used: forward primer for 36B4 (NM_001 002), AGATGCAGCAGATCCGCAT, reverse primer ATAT-GAGGCAGCAGTTTCTCCAG; and forward primer for IL-12p40 (NM_002 187), CCCTGACCATCCAAGTCAAAG, reverse primer CAG-GAGCGAATGGCTTAGAAC. Probes were FAM-AGGCTGTGGTGCT-GATGGGCAAGAA-TAMRA and FAM-CCTCCTTTGTGACAGGTG-TACTGGCCA-TAMRA for 36B4 and IL-12p40, respectively.
Results
CD40L-induced maturation of DCs is not affected by SLAM-SLAM interactions
Activation of DCs via CD40/CD40L interaction, delivered by activated T cells, is one of the major pathways that induces DC maturation as well as the production of proinflammatory cytokines. 38 SLAM expression is induced upon DC maturation, suggesting a regulatory role for SLAM in mature DCs. 32, 33 Bleharsky et al reported that SLAM ligation by a specific antibody augments proinflammatory responses. 33 (Figure 2A ). This result is indicative that phenotypic maturation of DCs upon activation via CD40 is not affected by cell-surface expression of SLAM. The density of CD40L molecules, however, may have an impact on DC maturation. In a report by Mackey et al, supraphysiologic levels of signals via CD40 were shown to induce phenotypic maturation of DCs even when CD40 signaling was partially disrupted. 39 Thus, we set up a system in which the level of CD40 signaling could be modulated. Immature DCs were cultured in the presence of graded concentrations of soluble CD40L molecules (sCD40L) and either L cells or L cells expressing SLAM. We found that SLAM/SLAM interactions did not interfere with sCD40L-induced DC maturation. Interestingly, at limiting concentrations of sCD40L, SLAM engagement actually augmented the induction of CD83 and CD86 molecules ( Figure 2B ). The expression of HLA-DR was minimally influenced by sCD40L concentration (data not shown).
SLAM/SLAM interactions inhibit production of IL-12, IL-6, and TNF-␣ by CD40L-activated DCs
Because DCs orchestrate immune responses in part through soluble mediators acting on other immune cells, the effect of SLAM/ SLAM interactions on the secretion of cytokines and chemokines by DCs was determined. First, we analyzed the secretion of 42 cytokines and chemokines by DCs that had been cultured for 24 hours in the presence of SLAM/CD40L-L or CD40L-L cells using a protein array (Figure 3) . Interestingly, we found lower levels of IL-12 and TNF-␣ in the supernatants of DCs activated by SLAM/CD40L-L cells than in the supernatants of DCs that had (Table 1) . These findings and previously published results 33 prompted us to examine the impact of SLAM signaling on the production of inflammatory cytokines by activated DCs. First, several independently cloned cell lines as well as polyclonal cell populations expressing CD40L and SLAM were analyzed for their ability to induce IL-12 production by DCs. In all cases SLAM/ SLAM-induced signaling strongly inhibited IL-12 production of CD40L-activated DCs, suggesting that cloning did not alter the biologic activity of these cells ( Figure 4A were observed (Figure 5A -B; Table 2 ). Yet, consistent with the other observations, inhibition of IL-12 secretion by DCs that had been cultured in the presence of SLAM/CD40L-L cells compared to those cultured in the presence of CD40L-L cells was detected even in the presence of LPS/IFN-␥ (Figure 5A,C; Table 2 ). Similarly, production of TNF-␣ or IL-6 was also inhibited by the presence of SLAM regardless whether the culture contained LPS/IFN-␥ (Figure 5A ,C; Table 2 ). Since the capacity to produce these cytokines can differ significantly between donors (Table 2) , the effect of SLAM-mediated signals on cytokine production by DCs derived from different donors is also shown ( Figure 5C ). The effects of SLAM signaling on CD40-or on LPS-induced IL-12, TNF-␣, or IL-6 production was statistically significant with the exception of enhancing LPS-induced IL-6 production ( Table 2) . Neither poly(I:C) nor a mixture of inflammatory cytokines (TNF-␣, IL-6, and IL-1␤) induced IL-12 production by DCs in the presence or absence of SLAM-L cells (data not shown). Taken together, these experiments strongly support the conclusion that SLAM/ SLAM associations inhibit IL-12, TNF-␣, and IL-6 secretion by CD40L-activated DCs.
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Expression of SLAM on the surface of immature dendritic cells causes inhibition of CD40L-induced IL-12 production
As SLAM/SLAM interactions could take place between activated DCs themselves in these in vitro experiments, nonactivated SLAM Ϫ IDCs were transiently transfected with a vector that encoded human SLAM. Five hours after transfection, SLAM ϩ and SLAM Ϫ cell populations were purified by fluorescence-activated cell sorting (FACS). These SLAM ϩ transfectant cells expressed similar levels of SLAM on their surface ( Figure 6A ) to DCs that had been activated in vitro ( Figure 1C) .
The purified SLAM ϩ and SLAM Ϫ transfectant cell populations were then cultured for 24 hours in the presence of L cells expressing CD40L. Thus, SLAM/SLAM interactions could only For personal use only. on September 7, 2017 . by guest www.bloodjournal.org From take place between DCs, and CD40L/CD40 interactions could only take place between the L-cell transfectants and DCs.
As shown in Figure 6B , expression of SLAM on the surface of DCs completely prevented IL-12 production induced by the CD40L-L cells, as judged by comparison with the DCs that were SLAM Ϫ after FACS, or with DCs that had been transfected with the empty vector. IL-10 production by SLAM ϩ DCs was, however, only moderately inhibited compared with the amount of IL-10 secreted by SLAM-DCs ( Figure 6C ).
DCs activated by SLAM-induced signaling are impaired in their ability to induce differentation of naive CD4 ؉ cells into Th1 cells
The impact of costimulation by a combination of CD40 and SLAM on IL-12 production by DCs predicts that SLAMexpressing DCs would be impaired in their ability to induce Th1 differentiation of naive CD4 ϩ T cells. To test this hypothesis, DCs were preactivated with the CD40L-L cells or SLAM/ CD40L-L cells for 12 hours and were then purified by FACS using anti-CD11c. These preactivated DCs were then cultured with naive CD4 ϩ CD45RO Ϫ T cells for 5 days. On day 4, T cells were reactivated for 24 hours in the presence of 5 g/mL plate-bound anti-CD3 mAb. As shown in Figure 7A -B, DCs precultured with the SLAM/CD40L-L cells were poor inducers of IFN-␥ production by either allogeneic or autologous T cells compared with DCs activated with CD40L-L cells. Downregulation of IL-12 production by SLAM-induced signaling in DCs seems to be the principal mechanism of this skewed T-cell polarization, as exogenously added human recombinant IL-12 restored priming in the presence of DCs treated with SLAMexpressing L cells ( Figure 7C ). Taken together, these results demonstrate that SLAM signaling modulates the function of CD40L-activated DCs by reducing their ability to promote naive T-cell differentiation toward IFN-␥-producing effector cells.
In the same cultures the amount of IL-4 was below the detection limits of the ELISA, while we found low levels of IL-13, which was modestly reduced by SLAM/SLAM interactions ( Figure 7D ). The lack of IL-4 production and the low levels of IL-13 in the presence of high concentration of IFN-␥ indicate that under these experimental conditions SLAM inhibits the differentiation of CD4 ϩ naive T cells into Th1-type effector cells without promoting their differentiation into Th2 cells. Down-regulation of inflammatory cytokine production and Th1 polarization may, however, indirectly support Th2 differentiation in vivo.
Discussion
In this article, we describe an in vitro model that allows for an assessment of the role of SLAM ligand-induced signal transduction in activated myeloid DCs and activated CD4 ϩ T cells. SLAM/SLAM interactions induced by L cells that coexpress SLAM and CD40L decrease IL-12 production by DCs. Similar results were obtained when DCs were triggered by activated Jurkat cells that coexpressed CD40L and SLAM or by bidirectional SLAM/SLAM interactions between DCs. Because DCs activated via CD40 in the presence of SLAM/SLAM interactions had a reduced ability to promote the differentiation of naive T lymphocytes toward IFN-␥-producing effector CD4 ϩ T cells, we concluded that concomitant CD40 and SLAM signals influenced DC-derived instructive signals. In addition to its inhibitory effect on CD40-induced IL-12 production by DCs, SLAM/SLAM interactions also caused a marked decrease in the secretion of other inflammatory cytokines, such as TNF-␣ and IL-6, suggesting that SLAM engagement may promote anti-inflammatory functions of DCs. Importantly, these inhibitory effects were not the result of a general unresponsiveness of DCs to CD40L, as SLAM/SLAM interactions did not interfere with the CD40L-induced upregulation of CD83, CD86, or HLA-DQ on the surface of DCs, and only moderately decreased the production of IL-10. In fact, sCD40L-induced up-regulation of CD83 and CD86 was augmented in the presence of SLAM signaling. Taken together, the results indicate an important role of the SLAM receptor in the modulation of DC functions, such as in the regulation of inflammatory response and in controlling signals that promote the differentiation of naive CD4 ϩ T cells into Th1-type effector cells.
SLAM signaling has been suggested to mediate the strong immunosuppression induced by the measles virus. [27] [28] [29] [30] In particular, when human SLAM was expressed in murine DCs as a transgene under the control of the Cd11c promoter, measles virus infection of murine splenic DCs caused a marked down-regulation of costimulatory molecules (eg, CD80, CD86, CD40, and major histocompatibility [MHC] class I and class II antigens). 30 Our data show that SLAM/SLAM homoassociation, unlike measles virus infection, does not interfere with the normal maturation process induced by CD40L (Figure 2A-B) , which suggests that SLAM signaling may only contribute to, but not deliver, the full immunosuppressive potential of the measles virus. The in vivo experiments by Hahm et al, 30 or a similar suppression of DC function in vitro reported by Servet-Delprat et al, 41 are not directly comparable with our model because in both approaches viral replication takes place, which is likely to modulate multiple signaling pathways independent from SLAM signaling. Yet, modulation of SLAM receptor signaling may be advantageous to the virus by decreasing CD40L-induced DC inflammatory cytokine production. Examination of the signaling events induced by SLAM/SLAM homoassociation versus SLAM/measles virus interactions will clarify the contribution of receptor-induced signaling and viral replication to measlesinduced immunosuppression.
The data presented here raise the possibility that SLAM may act as a context-dependent regulator of IL-12 and other inflammatory cytokine production in DCs. However, to prove this, identification of the DC40-and LPS-induced downstream signaling pathways influenced by SLAM is essential. Recently, phosphoinositide 3-kinase (PI3K) has been proposed as an endogenous suppressor of IL-12 production triggered by TLR signaling. 42, 43 As PI3K was activated upon antibody-mediated SLAM triggering in murine T cells, 44 this pathway might be involved in the SLAM-mediated inhibition of IL-12 production by CD40L-activated DCs. However, the PI3K inhibitors LY294002 and wortmannin did not suspend the inhibitory effect of SLAM on CD40L-induced IL-12 production (data not shown). Furthermore, SLAM did not inhibit the LPSinduced IL-12 production, suggesting that PI3K is not involved in the SLAM-mediated regulation of cytokine secretion in DCs. Thus, the mechanism(s) by which SLAM-mediated regulation of CD40 and TLR signaling is implemented remains to be established.
Because SLAM expression on the surface DCs is regulated by a variety of signals (eg, TLR ligands, inflammatory cytokines, or CD40L 33 ) in the course of an immune response, SLAM expressed on activated DCs should not ubiquitously block IL-12 production during subsequent antigen presentation. Indeed, we found that when DCs were coincubated with L cells that expressed CD40L, association of SLAM receptors present on the surface of CD40L-activated DCs did not inhibit IL-12 secretion. However, in cultures in which DCs were coincubated with L cells expressing both CD40L and SLAM, IL-12 secretion was inhibited. Thus, CD40L-induced IL-12 production can be efficiently inhibited in MoDCs by interaction with cells that express both CD40L and SLAM on their surface, and therefore concomitantly activate CD40L and SLAM signaling pathways. High levels of SLAM expression were reported on polarized Th1 cells in mice. Significant but lower levels For personal use only. on September 7, 2017 . by guest www.bloodjournal.org From of SLAM were detected on polarized Th2 cells, but SLAM expression was stably maintained on Th1 but not on Th2 clones. 45 Furthermore, ligation of CD3 and CD28 on the surface of naive CD4 ϩ but not CD8 ϩ human peripheral-blood T cells induce the expression of CD40L. 46 Therefore, CD4 ϩ Th1 effector-memory cells are particularly suitable to induce contemporary signaling via SLAM and CD40L.
The number of SLAM-expressing, activated, polarized CD4 ϩ T lymphocytes is expected to increase at later stages of the immune response both in lymphoid tissues and at the site of the infection. We propose that SLAM signaling at this point acts as an inhibitory feedback loop to limit production of excessive amounts of inflammatory and Th1-polarizing cytokines by DCs.
As discussed earlier, SLAM expression on DCs induced by maturation signals (eg, by CD40L) does not interfere with IL-12 secretion. However, when SLAM was expressed by transfecting SLAM into immature DCs, subsequent CD40L-induced IL-12 secretion was strongly inhibited, suggesting that SLAM/SLAM association between interacting DCs can transmit an effective inhibitory signal when SLAM is present in immature DCs prior to CD40/CD40L ligation. Regarding the presence of SLAM in immature DCs, 2 groups have shown recently that SLAM expression is induced in MoDCs treated with IL-10, which implicates SLAM as modulator of certain DC functions in immature and/or regulatory-type DCs. 47, 48 DCs readily produce IL-12 following interaction with various pathogens, such as bacteria or viruses. 3, 9 Our experiments demonstrated that although CD40L-induced IL-12 production was strongly inhibited even in the presence of LPS, LPS-induced IL-12 production by DCs was not inhibited by SLAM, suggesting that signaling induced via SLAM/SLAM interactions may affect DC functions in a complex, context-dependent manner. SLAM engagement that takes place between activated DCs and CD4 ϩ Th1 cells decreases Th1 polarization and inflammatory responses, although it does not interfere with inflammation or Th1 responses induced by DCs upon recognition of microbial ligands in the peripheral tissues.
Our results clearly indicate that regulation of SLAM expression either on DCs or other cells interacting with DCs may have a strong impact on DC functions. In this regard, SLAM expression was strikingly different on activated macrophages in 2 distinct, Th1 cell-driven inflammatory diseases. SLAM ϩ macrophages were detected in the gut of patients with Crohn disease but SLAM was not expressed on activated macrophages present in the brain of patients with multiple sclerosis. 49 This result indicated that SLAM expression on the antigen-presenting cell might be sensitively modulated possibly by inflammatory mediators or tissue factors.
Importantly, our data based on the described in vitro models are in good correlation with those obtained using Slam-or Sh2d1a-deficient mice. 15, 21 Furthermore, data presented here suggest that different ligands activating SLAM signaling, such as antibodies 33 or SLAM/SLAM association may induce opposing effector functions in DCs, which should be carefully evaluated when modulation of SLAM expression is considered as a therapeutic tool.
